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ABSTRACT

Pedigree problems are typical genetics tasks in schools. They are well suited to help stu-
dents learn scientific reasoning, representing realistic genetic problems. However, pedi-
gree problems also pose complex requirements, especially for secondary students. They
require a suitable solution strategy and technical knowledge. In this study, we examined
the approaches used by N = 89 secondary school students when solving two different ped-
igree problems. In our qualitative analysis of student responses, we examined how two
groups of secondary students with varying degrees of experience in genetics constructed
arguments to support their decisions. To do so, we categorized | = 516 propositions from
students’ responses using theory- and data-driven codes. Comparison between groups re-
vealed that “advanced genetics” students (n = 44) formulated more arguments, referred
more frequently to specific family constellations, and considered superficial pedigree fea-
tures less often. Conversely, “beginning genetics” students did not use a conclusive ap-
proach of step-by-step falsification but argued for the mode of inheritance they believed
was correct. Advanced genetics students, in contrast to beginners, to some extent used a
falsification strategy. Finally, we demonstrate which family members students used in their
decisions and discuss a variety of typical but unreliable arguments.

INTRODUCTION

Pedigrees or family trees are a highly standardized graphical representation of family
medical histories (Bennett et al., 1993, 1995, 2008; Bennett, 2010). They are used in
genetic counseling and research to determine genetic influence on a trait, to identify
patterns of inheritance, to calculate the disease risk for an individual, and for multiple
other reasons (Bennett, 2010, presents an extensive list). Moreover, “human pedigree
analysis is a typical example of genetics problem solving” (Corbett et al., 2010, p. 221).
In this paper, we analyze secondary students’ argumentation and strategic approaches
when solving pedigree problems, as these are well suited for learning scientific reason-
ing. We used a qualitative approach and compared two groups of secondary students
with divergent levels of genetics education.

Pedigree Problems
Pedigree problems are frequently used in genetics education. A typical pedigree prob-
lem consists of a representation of a human genetic pedigree with a task aim set to
identify the mode of inheritance that is (most likely) represented. Typically, four modes
of inheritance are differentiated: autosomal dominant inheritance, autosomal reces-
sive inheritance, X-linked dominant inheritance, and X-linked recessive inheritance.
In autosomal dominant inheritance, the presence of a single dominant allele results
in the expression of the trait for which the allele codes. Each person with the trait has
at least one affected parent. In autosomal recessive inheritance, the trait is expressed
only if a person has inherited one allele from each parent. Heterozygous individuals
do not develop the trait. They can, however, still inherit the affected allele and are,
therefore, called carriers. An X-linked dominant trait is encoded by an allele located on
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the X chromosome. Males have only one X chromosome. As a
result, all their daughters but none of their sons will inherit the
trait. For females, however, both sons and daughters can inherit
the trait. In X-linked recessive inheritance, only the absence of
an unaffected allele results in the expression of the trait. Males
are more likely to be trait carriers, because they cannot compen-
sate for an inherited allele.

A complete solution to a pedigree problem requires the iden-
tification of the underlying mode of inheritance; it consists of a
decision in favor of one pattern and, in the best case, evidence
for the exclusion of all alternative patterns. Therefore, an
exhaustive solution requires testing of multiple hypotheses
(Hackling and Lawrence, 1988; Smith and Good, 1984;
Hackling, 1994). In a systematic approach, all modes of inheri-
tance are tested to determine whether they can explain the
trait’s distribution. Basically, this process constitutes a search for
inconsistencies in which family constellations are identified as
cues that would not be possible assuming one of the modes of
inheritance in question; in this context, we define the genetic
family constellation as the elementary informative unit consist-
ing of father, mother, and one child. An inconsistency such as
an affected child with unaffected parents, for example, proves
that the trait is not dominant. Smith (1988) calls the combina-
tion of such an informative family constellation and the conclu-
sion to be drawn from it a production rule. These production
rules consist of condition-action pairs for which identifying a
condition—for example, the occurrence of unaffected parents
with an affected child—leads to a specific action, in this case,
the conclusion that the trait cannot be dominant (Smith, 1988).
In the case of a pedigree problem with a clear solution, all but
one mode of inheritance can be excluded by using a combina-
tion of several of these rules or by systematically assigning gen-
otypes to all individuals and looking for contradictions. How-
ever, pedigree problems seem to be challenging for students
(Hackling and Lawrence, 1988; Smith, 1988; Hackling, 1994;
Knippels et al., 2005). Various difficulties have been described.
In the study by Smith (1988), unsuccessful participants tended
to consider the first plausible option as an acceptable answer
and used an incomplete falsification strategy during pedigree
analysis. They rarely tested hypotheses using genotypes and
often used imprecise or incorrect logic. They tended to identify
a larger number of noncritical cues; they then based decisions
on these cues and tended to be unable to make use of produc-
tion rules. In short, they failed because their rules were incom-
plete or incorrect, inappropriately applied, or did not lead to
any conclusions. In addition, they based decisions on genetic
ratios, which is usually not reasonable, as pedigrees are nor-
mally too small to comply with statistical distributions. Hack-
ling and Lawrence (1988) demonstrated that university genet-
ics professors’ solutions to pedigree problems were more
complete than those of both novice and competent human biol-
ogy university students. The experts (professors) identified a
larger number of critical cues and varied their hypothesis-test-
ing strategy according to the prevalence of the trait. They were
likely to use genotypes to test hypotheses for a common trait,
but relied more on critical cues for rare traits. In contrast, in the
case of students, this difference was not noticeable. In another
study, Hackling (1994) found that, in a group of novice stu-
dents, almost no one succeeded in correctly interpreting cues
with respect to X-linked inheritance. In addition, a significant
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proportion of this group was unable to assign genotypes to a
pedigree that showed the occurrence of an X-chromosomal
dominant trait. In a study by Corbett et al. (2010), if-then state-
ments (which they call “cognitive statements”) to determine
carrier status in case of an X-linked recessive inheritance caused
the greatest difficulty for university students.

Pedigree Problems as One Type of Genetic Problem
Pedigree problems are just one type of genetic problem that
requires problem-solving skills. They are classified as rather dif-
ficult problems, because they require a fairly challenging “effect-
to-cause” reasoning between generations, whereas the simplest
problem type, in contrast, only requires “cause-to-effect” rea-
soning within generations (Stewart, 1988; Hickey et al., 2000;
Tsui and Treagust, 2010). Pedigree problems belong to the area
of Mendelian genetics, which is based on the principles of mei-
osis (Stewart et al., 2005). Collins and Stewart (1989) identi-
fied four typical classes of problems within the area of Mende-
lian genetics, which they grouped into inheritance pattern
problems and modifier problems: Inheritance patterns describe
the relationship between genotype and phenotype. Typical pat-
terns are simple dominance, codominance, and multiple alleles
(which is a combination of the previous two; Collins and Stew-
art, 1989). Modifiers affect the inheritance pattern by altering
or constraining the way alleles are transmitted. They can be
present or absent but are bound to an inheritance pattern; they
cannot exist without it. Possible modifiers include X-linkage,
genetic linkage (when genes for two traits are closely to each
other located on a chromosome), and lethal alleles (Collins and
Stewart, 1989). According to Collins and Stewart (1989), the
inheritance patterns of simple dominance, codominance, and
multiple alleles and X-linkage as a modifier are all typically con-
sidered in introductory courses.

In pedigree problems, however, simple dominance and
X-linkage are predominantly considered. While in other tasks
the modifier “X-linkage” may be present or absent, this does not
apply to pedigree problems: Once introduced, all four modes of
inheritance (autosomal dominant inheritance, autosomal reces-
sive inheritance, X-chromosomal dominant inheritance, and
X-chromosomal recessive inheritance) are almost always con-
sidered. As a result, a complete solution should typically take all
four modes of inheritance into account. In any case, pedigree
problems are well suited for inquiry-based genetics education
(Stewart et al., 2005).

Argumentation and Content Knowledge

Tasks involving pedigrees require problem-solving skills,
because students need to use content knowledge, formulate
hypotheses, and apply one or multiple solution strategies
(Aznar and Orcajo, 2005). They need to generate conclusive
arguments to prove their problem solutions, and argument
quality is presumed to be related to content knowledge (Sadler
and Zeidler, 2005; Sadler and Fowler, 2006; McNeill et al.,
2006; Aufschnaiter et al., 2008). But what makes a conclusive
argument? A simple argument consists of a claim supported by
data as evidence (Toulmin, 2003). However, more complex
arguments can have a number of other components. Following
the structure of Toulmin (2003), arguments can also include
warrants and backings, qualifiers, and rebuttals. Warrants are
generally applicable rules and laws that may be included to
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legitimize the step from data to claim. Backings can be cited to
legitimize the applicability of the warrants. As a simplification
of the Toulmin model, warrants and backings can be summa-
rized under the term “reasoning” (McNeill et al., 2006; Berland
and McNeill, 2010); that is, reasoning encompasses justifying
how the evidence chosen leads to the claim made. The model of
Toulmin (2003) also contains qualifiers and rebuttals: Qualifi-
ers modify the strength of a claim by taking into account rebut-
tal(s) in the form of exceptions and conditions under which the
warrant does not apply. Transferred to our context, a good and
comprehensive argument against a particular inheritance might
look like this: The trait at hand cannot be inherited in an auto-
somal dominant manner (claim), because a couple without the
trait has an affected child (evidence). This rules out autosomal
dominant inheritance, because at least one parent would also
have to be an allele carrier for the child to inherit a dominant
allele. However, this parent would also have to be affected,
because this dominant allele would have led to the expression
of the corresponding phenotype (warrant or reasoning). As a
result, to formulate a complete explanation to a pedigree prob-
lem, students must formulate conclusive arguments against
three of the four relevant modes of inheritance based on con-
tent knowledge and evidence available in the pedigree.

Regardless of content knowledge, students struggle to for-
mulate coherent arguments. They seem to have problems citing
sufficient evidence (Sandoval and Millwood, 2005) and justify-
ing why evidence leads to specific claims (McNeill et al., 2006).
According to three different learning progressions (Songer
et al., 2009; Berland and McNeill, 2010; Lee et al., 2014), stu-
dents’ scientific argumentations and explanations can be cate-
gorized according to their complexity: Basal scientific argumen-
tations and explanations are based on unsubstantiated claims,
while more elaborated explanations and argumentations are
characterized by claims that are justified by evidence. Argu-
ments that entail warrants and backings (reasoning) on how
evidence and assertion are related indicate an even more com-
plete or complex level of scientific argumentation or
explanation.

According to the model of Shea et al. (2015), the interplay
of content knowledge, argumentation skills, and situational
features accounts for genetics literacy. Therefore, situational
features may also influence genetic reasoning and thus problem
solving (Freidenreich et al., 2011; Shea et al., 2015; Schmie-
mann et al., 2017).

Purpose

To clearly determine the mode of inheritance in the case of a
pedigree problem, all alternative modes of inheritance must be
excluded with justification. The literature suggests that even
university students often struggle with pedigree problems and
fail to form conclusive and complete solutions. Nevertheless,
students are already expected to solve pedigree problems in sec-
ondary school. With this study, we wanted to explore secondary
school students’ approaches to solving pedigree problems and
how they constructed arguments to support their decisions. Our
research questions were: What arguments do secondary school
students generate when analyzing human genetic pedigrees
and what evidence are the students’ arguments based on? Do
their arguments differ depending on their level of genetics
education?
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FIGURE 1. Pedigrees used in the paper-and-pencil tests.

METHODOLOGY

Instrument and Data Collection

In pursuit of our aim, we used paper-and-pencil tests with ped-
igree problems as open-ended items (Wools, 2018). In these
tests, students were asked to identify the present mode of inher-
itance and to write down their problem-solving approach as
coherently as possible for each pedigree problem. At the end of
each pedigree problem, students had to mark the correct mode
of inheritance. To visualize these problems, we used two pedi-
grees (Figure 1), which were generated semi-automatically
based on matrices (Surmann, 2017) and plotted with the R
package kinship2 (Therneau and Sinnwell, 2015). We selected
autosomal pedigrees in which the pattern of inheritance can be
determined without any doubt, as other pedigree problems may
be too complex for students with little experience in genetics.
For precise communication, each person in the pedigree was
labeled with a unique identification number, and students were
requested to always indicate these numbers when referring to
specific family constellations. In the paper-and-pencil tests,
each person in the pedigree was also given a name to prevent
subjects from confusing the symbols for male and female; this
additional information, however, has been omitted here to keep
the pedigrees minimalistic.
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The trait mapped in the first pedigree (Figure 1a) is inher-
ited in an autosomal recessive pattern. The mode of inheritance
can be determined as autosomal recessive based on a single
family constellation. Unaffected parents (no. 107 and no. 108)
have an affected daughter (no. 113). Therefore, the trait can
neither be autosomal dominant nor X-linked dominant, because
at least one parent would have to be affected too. In addition,
inheritance cannot be X-linked recessive, as the daughter would
have inherited an allele from each parent. However, in this case,
the father would have been affected too, because men are hem-
izygous (have only one allele). The pedigree shows inheritance
across three generations and includes 14 persons in total, with
three females and one male being affected.

The second pedigree problem involves an autosomal domi-
nantly inherited trait (Figure 1b). This pedigree comprises six
persons spread over three generations; three of the individuals
(two males and one female) are affected. In this case, two fam-
ily constellations are needed to determine that the inheritance
is autosomal dominant. That two affected parents have an unaf-
fected son rules out both recessive modes of inheritance,
because parents no. 103 and no. 104 could not have possessed
or transmitted any allele that is not associated with the trait,
and so their son (no. 111) should have been affected as well. At
the same time, an X-linked dominant inheritance is ruled out by
the constellation of the unaffected daughter (no. 105) and the
affected father (no. 101): Because men have only one X chro-
mosome, the daughter would have inherited the relevant allele
in any case and should, therefore, have been affected too.

Sample

For this study, we analyzed paper-and-pencil tests of 89 second-
ary students. In German secondary schools, pedigree problems
are generally part of a basic genetics unit as well as an advanced
genetics unit. The advanced unit takes place at the upper sec-
ondary level, usually 2 years after the basic unit. Although ped-
igree problems are thus part of both units, they are treated in
much more detail in the advanced genetics unit. To cover a
maximum of the variance expected in secondary school, we
decided to include students who have only basic experience
with pedigree problems as well as students with advanced
experience. We examined 45 secondary students (M Age = 14.9),
who completed a basic genetics unit, and 44 secondary stu-
dents (M,,, = 16.8) who had participated in the advanced
genetics unit. Although we do not possess detailed information
about the scope and process of the genetics units in the partici-
pating classes, pedigree problems are typical tasks covering sci-
entific inquiry in genetics. For instance, pedigree analysis can be
covered by an exemplary task within the educational standards
for middle school graduation, which define an expected aver-
age achievement level for students at the end of lower second-
ary education (Standing Conference of the Ministers of Educa-
tion and Cultural Affairs of the Lander in the Federal Republic
of Germany, 2005). In that task, students are expected to be
able to determine the mode of inheritance in the presented ped-
igree by, among other things, ruling out an X-linked inheritance.
Furthermore, pedigree problems are a typical task for the biol-
ogy exams in the Abitur, the final examination at the end of the
higher secondary level. According to the curriculum, upper sec-
ondary students are expected to formulate hypotheses on
X-linked and autosomal modes of inheritance and justify the
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hypotheses with available data based on meiosis (Ministry for
School and Further Education of the State of North Rhine-West-
phalia, 2014, p. 32). Students taking an advanced course (in
contrast to those who take a basic course) should additionally
be able to consider two-factor analysis, genetic linkage, and
crossing-over thereby. As a result, students from both groups
should be familiar with all four modes of inheritance and with
pedigree analysis in principle. Nevertheless, it is reasonable to
assume that the students who participated in the advanced
course have more differentiated knowledge and more proce-
dural skills, because they had already attended the basic genet-
ics unit a few years earlier. The advanced course can therefore
build on these basics. Following ethical and legal guidelines, all
participants were informed about the aim and procedure of the
study in advance and participated voluntarily. The results were
not used for evaluation or grading. Only necessary data were
collected, and they were treated in accordance with the local
data-protection laws. As the study was conducted in Germany,
students answered in German; quotations in this article were
translated into English by the authors.

Coding and Analysis

To answer our research question, we performed a content anal-
ysis of students’ reasoning on pedigree problems using MAX-
QDA 2018 (VERBI Software, 2018). For this purpose, the stu-
dents’ written answers for the open-ended tasks were
transcribed. We defined propositions as coding units to analyze
students’ reasoning at the level of individual conclusions (Hack-
ling and Lawrence, 1988). We developed a codebook based on
theory and data as a guide for analyzing the students’ answers.
Therefore, the codebook (Table 1) contained theory-driven and
data-driven codes (DeCuir-Gunby et al., 2011), which we pres-
ent in detail here.

First, we categorized whether the proposition was at all a
conclusion or what type the proposition was. In this regard, we
distinguished five types of propositions—“proof,” “clues,” “alle-
gations,” “descriptions,” “other”—based on the present tran-
scripts but strongly aligned with the theoretical frameworks of
Toulmin (2003) and Smith (1988). Based on the classification
of Toulmin (2003), a full argument contains at least a claim
based on data. In pedigree analysis, typical arguments formu-
late claims regarding the confirmation or exclusion of at least
one type or mode of inheritance based on data from the pedi-
gree as evidence; for example, “the mode of inheritance is auto-
somal [claim], as both sexes are affected [data]” (Student
1009 |Line 40). Therefore, arguments regarding the mode of
inheritance represent condition—action pairs, as described by
Smith (1988). However, these arguments can also be further
classified from a scientific perspective. Arguments regarding the
mode of inheritance can represent either clear-cut decisions or
indications for or against individual modes of inheritance. For
example, in the case of X-linked recessive inheritance, more
males tend to be affected than females. If such a distribution is
present, this can therefore be an indication of an X-linked reces-
sive inheritance, but it is not suitable as definitive proof. To
account for this distinction, we have used two categories: proof
and clues. In proof-type arguments, one mode of inheritance is
unambiguously confirmed or ruled out, whereas arguments
that provide evidence for or against modes of inheritance
without making a clear decision were called clues. Although
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TABLE 1. Variables and categories used to characterize students’
reasoning on pedigree problems (a complete version including
code descriptions and examples can be found in the Supplemental
Table 1)

Variable Categories
Type of statement Description

Allegation

Clue

Proof

Other

Pedigree feature Phenotypic family constellation
Genotypic family constellation
Proportion of affected persons

Gender ratio among affected
Distribution of affected over generations
Pedigree size or structure

Other

Missing

Claim Autosomal dominant
Autosomal recessive
X-linked dominant
X-linked recessive
Autosomal

X-linked

Y-linked

Dominant

Recessive

Other

Orientation Confirmation

Refutation

Conclusiveness Conclusive
Indeterminable

Inconclusive

technical in nature, this distinction can also be understood in
terms of Toulmin’s (2003) structure. Arguments that provide
evidence for or against single heritages but do not allow a clear
decision usually contain what Toulmin (2003) calls a qualifier.
This is an optional argument component that indicates some
uncertainty, as we can see in the following statement: “Again,
both sexes are affected [data], which again indicates [qualifier]
autosomal inheritance [claim]” (1012|41). Beyond these two
central categories, three other types of statements were distin-
guished that do not constitute complete arguments according to
Toulmin (2003). In this regard, two categories—"“allegations”
and “descriptions”—represent incomplete arguments, because
they consist of only one element of Toulmin’s (2003) classifica-
tion each. Allegations represent stand-alone claims that do not
contain any data as evidence. Descriptions mention data from
the pedigree but do not contain a claim. Finally, statements that
did not fit into one of the first four categories were classified as
“other.”

To differentiate the various types of pedigree features stu-
dents cited as data in their arguments (or descriptions), we dis-
tinguish eight categories based on students’ statements and
results from previous research. A typical approach during pedi-
gree analysis is to test multiple hypotheses based on informa-
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tive family constellations or by assigning genotypes (Hackling,
1994). Based on the written arguments, we cannot determine
whether students identified a family constellation by recalling
memorized production rules or assigning genotypes. Neverthe-
less, we were able to distinguish whether they argued using
genotypes or phenotypes. In cases in which students mentioned
a particular family constellation in a statement, we classified
the statements according to whether the students were refer-
ring to the phenotypic level (coded as “phenotypic family con-
stellation”) or genotypic level (coded as “genotypic family con-
stellation”). Another category we found in our data regarding
pedigree analysis includes statements referring to the “propor-
tion of affected persons” in relation to the total number of per-
sons. This category addresses the misconception that domi-
nance and allele or trait frequency are linked, which has been
described in previous work, not just in the context of pedigree
analysis (e.g., Smith and Good, 1984; Smith, 1988; Abraham
et al., 2014). This becomes evident in the following example:
“Since very few people are affected, the inheritance is recessive”
(1003|34). The starting point for another pair of categories
was a case study presented by Hackling (1994), in which one
subject determined the mode of inheritance to be autosomal
dominant because there were affected individuals in each gen-
eration (mode of inheritance cannot be recessive, must be dom-
inant) and males and females were affected (mode of inheri-
tance cannot be X-linked). Based on the intersection of
Hackling’s (1994) descriptions and our data, we created cate-
gories to capture the cases in which students quote the “gender
ratio among affected” individuals or the “distribution of the
affected across generations.” Not captured by the categories
mentioned so far is the fact that students also referred to basic
features of the pedigree, such as the number of generations rep-
resented. Therefore, we added a category to cover statements in
which students referred to the overall “pedigree size or struc-
ture.” In addition, sometimes a datum from the pedigree was
“missing” or students mentioned “other” pedigree features we
were unable to categorize more accurately.

To analyze students’ claims more precisely, we introduced
categories based on content knowledge and added all relevant
modes of inheritance (“autosomal dominant,” “autosomal
recessive,” “X-linked dominant,” “X-linked recessive,”
or “Y-linked”) as well as more general conclusions on heredity
(“dominant,” “recessive,” “autosomal,” or “X-linked”) as catego-
ries. Here too, claims that could not be assigned to any of these
categories were coded as “other.” While the previous two vari-
ables account for the biology-specific content of the proposi-
tions, we also analyzed students’ strategic procedures. The
extent to which the students used a falsification strategy (Smith,
1988) could be deduced by the orientation of their arguments.
In this regard, we distinguished statements that entailed sup-
port for or confirmation of claims from those weakening or
rejecting claims. As a result, we categorized each argument as
“confirmation” or “refutation” with regard to the subject of the
claim. The goal here was to investigate the extent to which stu-
dents used a falsification strategy in their pedigree analyses.
Finally, we classified each argument in terms of its conclusive-
ness, as either “conclusive” or “inconclusive” or, if necessary,
as “indeterminable” based on expert knowledge.

To ensure the consistency of the coding, we selected a ran-
dom set of 26.7% of all propositions, which were coded by two

”
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independent raters (JT and MG, a student assistent; O’Connor
and Joffe, 2020). We calculated Cohen’s kappa (Cohen, 1960)
for all main categories of interest (Table 1) and interpreted the
values in the context of the limits described by Landis and Koch
(1977). We interpreted these values to check for inconsistencies
and revised the coding manual accordingly (O’Connor and
Joffe, 2020). Then, the coding process was repeated until satis-
factory agreement was obtained for all categories. According to
the thresholds described by Landis and Koch (1977), we
achieved almost perfect agreement (0.8 < ¥ < 1) for the pedi-
gree feature (k = 0.81), claim (x = 0.92), and argument orien-
tation (k = 0.98). Substantial agreement (0.6 < k < 0.8) was
achieved for type of statement (k = 0.75) and argument conclu-
siveness (k = 0.77). We considered these values to be satisfac-
tory, and so one rater (MG) coded all remaining propositions to
obtain the full set of data used in this study.

To analyze the coding results, we created tables to examine
what kinds of propositions and which claims the students
expressed for each pedigree. To examine the connections
between students’ claims and the associated data, we created a
mosaic plot. Mosaic plots are used to visualize contingency
tables and consist of tiles that represent the individual frequen-
cies through tile size (Hofmann, 2008).

In addition, we determined which pedigree members stu-
dents mentioned in their reasoning by calculating frequencies
for all pedigree members’ identification numbers. To visualize
these data, we drew the individual frequencies directly into the
pedigrees. To obtain comprehensible diagrams, we applied the
principles of heat maps and bubble charts to present our data.
This means that the relative frequencies are represented by the
size and color of the bubble drawn on top of each family mem-
ber’s symbol. A large red bubble indicates that a person has
been mentioned frequently, while a small yellow bubble indi-
cates that the person has been mentioned very rarely.

RESULTS

The total data set consists of 516 propositions, on average 6.1
per student (excluding five students who did not answer at
all). Overall, the number of propositions made was slightly
higher for the first task (the autosomal recessive pedigree) than
for the second task (the autosomal dominant pedigree). The
proportion of statements representing full arguments (clues or
proof) was considerably higher in the group of advanced genet-
ics students, ¥2(1) = 36.68, p < 0.001 (see Table 2 for detailed
results).

Beginning Genetics Students Do Not Use a

Falsification Strategy

To examine whether students used a falsification strategy to
identify the mode of inheritance by ruling out all alternative
modes, we analyzed their arguments in multiple regards. Begin-
ning genetics students predominantly (92.6%) formulated con-
firmatory statements; for example: “Both men (103) and
women (104) have the trait, so it is autosomal” (1023|41).
Advanced genetics students, in contrast, formulated confirming
(58.9%) as well as falsifying arguments (41.1%); for example:
“Gonosomal dominant can be excluded on individuals 101,
102, and 104” (B15|41). This difference is significant, x*(1) =
40.24, p < 0.001, and demonstrates that the advanced genetics
students resorted to a falsification strategy at least temporarily,
while the beginning genetics students made a straightforward
decision on the mode of inheritance. However, these two quotes
also show a difference in scale. Arguments that refer to a spe-
cific mode of inheritance—for example, autosomal dominant or
X-linked recessive inheritance—were rare in the group of begin-
ning genetics students but rather common in the group of
advanced genetics students (see Table 3). In both groups, auto-
somal recessive inheritance was the most frequently mentioned
specific mode of inheritance. In addition, arguments that either
indicated whether inheritance was sex-linked or drew a conclu-
sion about the trait’s dominance without naming a specific
inheritance mode were common in both groups (see Table 3).
To examine the quality of an argument, however, we found it
necessary to look at the data used to substantiate the claims.

A Variety of Decisions Are Based on Superficial Pedigree
Features

Students referenced a variety of pedigree features as data to
prove their claims; for example, the gender ratio among affected
persons, the proportion of affected persons, or the distribution
of the trait over generations. We call these features “superficial,”
because they are easily noticed but allow no or only vague con-
clusions (clues). Family constellations, either at the phenotypic
or genotypic level, form the counterpart. They must be remem-
bered or analyzed precisely. Unlike “superficial” features, family
constellations allow clear decisions. In fact, many students
described specific family constellations, often at the phenotypic
level, sometimes at the genotypic level. In total, 89.9% of all
students referred at least once to a specific family constellation.
However, not every proposition contains a conclusion. To
identify which pedigree features were mentioned in connection

TABLE 2. Number and types of propositions for both groups of students?

Type of proposition

Group Subjects Task/pedigree Propositions Propositions PP Descriptions Allegations Arguments Other
Beginning genetics 39  Autosomal recessive 134 3.44 64 14 48 8
students inheritance (47.8%) (10.4%) (35.8%) (6%)
40  Autosomal dominant 113 2.83 46 16 44 7
inheritance (40.7%) (14.2%) (38.9%) (6.2%)
Advanced genetics 43 Autosomal recessive 153 3.56 34 9 93 17
students inheritance (22.2%) (5.9%) (60.8%) (11.1%)
43 Autosomal dominant 116 2.70 18 8 80 10
inheritance (15.5%) (6.9%) (69%) (8.6%)

2Students who did not respond to a task were excluded from the individual calculation. Propositions PP: Propositions per person.
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TABLE 3. Subjects students refer to in their conclusions by task and group®

The claim refers to ...

Dominant  Sex-linked
Group Subjects Task/pedigree Propositions inheritance Inheritance  AD AR XD XR Y Other
Beginning 23 Autosomal 48 26 10 0 2 1 2 0 7
genetics recessive (54.2%) (20.8%) (0%) (4.2%) (2.1%) (4.2%) (0%) (14.6%)
students inheritance
26 Autosomal 44 23 12 1 4 0 0 0 4
dominant (52.3%) (27.3%) (2.3%) (9.1%) (0%) (0%) (0%) (9.1%)
inheritance
Advanced 39 Autosomal 93 34 16 5 11 6 9 1 11
genetics recessive (36.6%) (17.2%) (5.4%) (11.8%) (6.5%) (9.7%) (1.1%) (11.8%)
students inheritance
37 Autosomal 80 31 16 7 6 9 4 0 7
dominant (38.8%) (20%) (8.8%) (7.5%) (11.2%) (5%) (0%) (8.8%)
inheritance

aStudents who did not respond to a task or did not make any analytical statements there were excluded from the individual calculation. AD, autosomal dominant inher-
itance; AR, autosomal recessive inheritance; XD, X-linked dominant inheritance; XR, X-linked recessive inheritance; Y, Y-linked inheritance.

with which type of inheritance, we analyzed the relationship
between claim (on the mode of inheritance) and data men-
tioned (the pedigree feature to justify that claim; Figure 2).

It becomes apparent through analysis of the mosaic plots
(Figure 2) that advanced genetics students based their deci-
sions regarding the mode of inheritance primarily on specific
family constellations within the pedigree. The proportion of
statements referring to family constellations was significantly
larger in the group of advanced genetics students (75.5%) com-
pared with the group of beginning genetics students (46.9%),
x2(1) = 18.02, p < 0.001. In addition, a significantly larger pro-
portion of advanced genetics students’ arguments focused on
specific modes of inheritance (37.4% compared with 12.3% of
basic genetics students’ arguments), ¥2(1) = 15.11, p < 0.001.
The distribution of affected over generations and the gender
ratio among affected individuals were cited fairly often, each in
a specific context. The distribution of affected over genera-
tions was primarily used to prove the trait’s dominance (12 of
15 mentions were associated with this kind of claim), and
the gender ratio among affected individuals was primarily men-
tioned in connection with sex linkage. Indeed, most arguments
by beginning genetics students regarding sex linkage were
based on the gender ratio among affected, while even refer-
ences to specific family constellations were rare in this case.
Compared with advanced genetics students, beginning genetics
students referred significantly more often to the gender ratio
among affected in their arguments on sex linkage, (1) = 4.69,
p = 0.030. Overall, beginning genetics students argued more
frequently on the basis of superficial pedigree features, x2(1) =
21.18, p < 0.001, and less frequently on the basis of geno-
types, x2(1) = 7.84, p = 0.005. A rare kind of data, primarily
used by beginning genetics students (eight out of 10 mentions
occurred in this group) was the proportion of those affected. It
was cited primarily in relation to the trait’s dominance (seven of
the total 10), which, however, is not appropriate, because trait
prevalence depends on allelic frequency alone and does not
allow any indications of dominance. Accordingly, arguments
based on this kind of evidence are inconclusive in any case. The
conclusiveness of arguments relating to specific family constel-
lations, in contrast, cannot be assessed across the board. An
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extended mosaic plot showing which arguments were classified
as correct and at what frequency can be found in the Supple-
mental Material. An argument does not need to be conclusive
just because a particular constellation in the pedigree is pointed
out. To analyze in detail which family members the students
referred to, we used the identification numbers of the pedigree
members. The frequency of the mentions was then drawn in the
pedigree, separately for each task and student group (Figure 3).

The first pedigree (Figure 3a and b) shows the inheritance of
an autosomal recessive trait. In this case, all alternative modes of
inheritance can be excluded by one family constellation (unaf-
fected father no. 107 and mother no. 108 in combination with
their affected daughter no. 113). In the group of beginning
genetics students, however, the affected but uninformative per-
son no. 104 was mentioned most often in arguments regarding
inheritance (14 mentions; relative frequency: 100%). Also very
frequently mentioned, in descending order, were the other
affected no. 113 (93%), no. 105 (86%), no. 102, and no. 107
(each 64%). Reasonably often cited in arguments were person
no. 108 (50%), the children of no. 103 (29%) and no. 104 (no.
110, no. 111, and no. 112; each 43%). In contrast, the picture is
markedly different for advanced genetics students’ mentions.
Most frequently mentioned was the informative person no. 113
(39 mentions; relative frequency: 100%) closely followed by the
parents no. 107 (95%) and no. 108 (92%). The other affected
family members, in contrast, are cited notably less frequently.
Their mentions in descending order: no. 104 (56%), no. 102
(46%), and no. 105 (21%). Thus, the affected person no. 105 is
mentioned less frequently than no. 101 (28%) and the children
of no. 103 (also 21%) and no. 104 (no. 110: 26%; no. 111: 28%j;
no. 112: 23%). The relative frequency of mentions of the unaf-
fected and uninformative individuals no. 106, no. 114, and no.
115 is low in both groups and does not exceed 15%. Overall,
comparing the arguments referring to family constellations in
terms of group membership reveals that the importance of the
family constellation consisting of family members no. 107, no.
108, and no. 113 seems rarely to be recognized by the group of
beginning genetics students. The advanced genetics students, in
contrast, seem to recognize the importance of this family
constellation.

2l:arl4d, 7



J. Timm et al.

(a) Arguments of Beginning Genetics Students
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(b) Arguments of Advanced Genetics Students
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FIGURE 2. Mosaic plot showing the structure of students’ arguments. The relationship between the inheritance mentioned in the
argument and the data used to prove that claim is shown separately for each group. The diagram maps all possible combinations of
pedigree features and claims regarding the inheritance, while the area of each box represents how often that specific combination was
found among students’ statements. Thin lines without percentages indicate that a specific combination was not found. AD, autosomal
dominant inheritance; AR, autosomal recessive inheritance; XD, X-linked dominant inheritance; XR, X-linked recessive inheritance;

Y, Y-linked inheritance.

The second pedigree (Figure 3c and d) shows the inheri-
tance of an autosomal dominant trait. For the constellation
given, the exclusion of all alternative modes of inheritance is
possible based on two individual constellations. Based on the

21:arl4, 8

family constellation of the affected parents no. 103 and no. 104
in combination with their unaffected child no. 111, both
recessive modes of inheritance are ruled out. An X-linked dom-
inant inheritance can be excluded, because no. 105 is not
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FIGURE 3. Representation of the frequency with which students mentioned individual family members in their arguments regarding the
present mode of inheritance separately for each pedigree and group. The frequencies are shown in the pedigrees by the color and size of
the points. Mentions of individual family members in the pedigree showing an autosomal recessive trait by (a) beginning genetics students
and (b) advanced genetics students. Mentions of individual family members in the pedigree showing an autosomal dominant trait by

(c) beginning genetics students and (d) advanced genetics students.

affected but should have inherited the trait causing allele from
father no. 101. Beginning genetics students refer in their argu-
ments regarding the mode of inheritance mainly to the family
constellation of mother no. 104 (26 mentions; relative fre-
quency: 100%), father no. 103 (88%), and their son no. 111
(77%). Beyond that, only the affected male founder no. 101 is
mentioned with noteworthy frequency (35%). The female
founder no. 102 is cited rarely (12%), while the informative
female no. 105 is mentioned only once (4%). Comparing these
results with those of the advanced genetics students, it is notice-
able that differences can be observed especially among those
family members not mentioned by the beginning genetics stu-
dents. In this group too, the informative family constellation of
mother no. 104 (44 mentions; relative frequency 100%), father
no. 103 (77%), and their son no. 111 (89%) is mentioned by far
most frequently. However, the informative female no. 105
(836%) and her father no. 101 (45%) are also mentioned mod-
erately often. In this group, least often mentioned is the female
founder no. 102 (25%). These results indicate that both groups
particularly recognize the family constellation of family mem-
bers no. 103, no. 104, and no. 111 as relevant and formulate
arguments based on this constellation. The second informative
family constellation (no. 101, no. 102, and no. 105), necessary
to rule out an X-linked dominant inheritance, is hardly ever
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mentioned by beginning genetics students. Advanced genetics
students, in contrast, create arguments based on this family
constellation too.

At the end of each task, students had to mark in a multi-
ple-choice item which inheritance they thought was present.
Overall, the beginning genetics students were less likely to
answer correctly than the advanced genetics students. In the
case of the autosomal recessive pedigree, the majority of stu-
dents of both groups opted for the correct mode of inheritance
(beginning genetics students: 65.9%; advanced genetics stu-
dents: 88.1%). For the autosomal dominant pedigree, however,
a majority of beginning genetics students again chose autoso-
mal recessive inheritance (55.8%; only 32.6% decided correctly
for autosomal dominant inheritance). Of the advanced genetics
students, 56.1% correctly selected the autosomal dominant
mode of inheritance. However, a correct decision in the multi-
ple-choice item does not necessarily indicate that the decision is
explained based on correct arguments. It can be stated that, in
most cases, students chose the correct mode of inheritance if at
least one of their arguments was found to be conclusive
(see Figure 4). Even students who had not formulated any con-
clusive arguments in a pedigree problem sometimes identified
the correct inheritance. The proportion is even quite large in the
case of autosomal recessive inheritance, especially among
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FIGURE 4. Number of conclusive arguments per person and pedigree. Individuals were
counted as a function of group membership. Colors indicate which proportion of
individuals marked the correct inheritance in an attached multiple-choice item.

advanced genetics students (see Figure 4). For an in-depth anal-
ysis of which arguments were rated as correct in which group,
see Supplemental Figure 1.

Students’ Use of Unreliable Arguments

As the previous results suggest, analytical statements made by
advanced genetics students (60.7%) were more frequently con-
clusive compared with statements by beginning genetics stu-
dents (29.3%), x*(1) = 22.37, p < 0.001. In this section, we will
analyze some of these inconclusive arguments in detail. We
start by presenting some arguments in which students decide
between dominant and recessive inheritance and then provide
some arguments regarding sex linkage.

A typical conclusion based on the proportion of affected per-
sons among all pedigree members was made by one student,
who stated: “Since very few people are affected, the inheritance
is recessive” (1003 | 34). In this statement, Student 1003 implies
that autosomal dominant inheritance is indicated by the fact
that a large number of people are affected. The proportion of
people affected is highly dependent on chance and strongly
influenced by the frequency of the trait-determining allele in
the total population. Chance plays an important role, because
pedigrees are usually too small for probability-based evidence.
A carrier of an autosomal dominant trait may pass the trait to
all his children or none; starting from one allele, all descen-
dants could be affected or none of them. Nevertheless, the
allelic frequency has an impact on how likely an autosomal
recessive inheritance is (Hackling and Lawrence, 1988). If the
autosomal recessive trait is very common in the population, it is
very likely that a considerable number of the family members
who are marrying in are carriers. This would mean, in turn, that
a large proportion of the pedigree members could be carriers. If
an allele is very rare and many pedigree members are affected,
an autosomal recessive inheritance is in fact rather unlikely, as
it would require several unrelated persons marrying in to bear
the rare allele. Because there was no information on allelic fre-
quency for either pedigree problem here, the proportion of per-
sons who are affected does not allow any conclusions to be
drawn about the inheritance mode.

A typical conclusion based on trait distribution over genera-
tions is made by Subject B6: “First of all, it must be noted that
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4 about non-affected parents having an
affected child. The comparison makes
clear that the rule presented by Subject B6
deviates slightly from the appropriate rule
and does not necessarily lead to correct
results. For example, no statement can be
made on the basis of a terminal genera-
tion without affected persons. While the
slightly modified rule results in the correct
decision for the autosomal recessive pedigree, Subject B6 de
facto considers a dominant inheritance impossible for the auto-
somal dominant pedigree as well based on his rule. In return,
his rule implies that a dominant trait is always transmitted.
This is a recurring misconception, appearing, for example, in a
statement by Subject B20: “The inheritance is also recessive,
since none of the children [110, 111, 112] of 103 and 104
carry the trait. If the inheritance was dominant, 110, 111 or/
and 112 would carry the trait, since the mother 104 carries the
trait” (B20|41-42). In this statement, the student assumes that
the trait cannot be dominant, because otherwise an affected
mother would certainly have passed it on to at least one child.
What we cannot say is which false assumption underlies this
statement: On the one hand, the decision could be based on the
expectation that a dominant trait will always necessarily be
passed on to the next generation, which is not necessarily the
case; on the other hand, the decision could be based on an
incorrect understanding of probabilities, by assuming that, in
the case of three children, at least one should be affected.

Based on the gender ratio, there were two different ways of
reasoning evident. On the one hand, the distribution of the trait
by gender was used as a qualitative measure: “The trait is inher-
ited as an autosomal trait since both female and male persons
are affected” (D11|40). In this argument, it seems irrelevant
how many people of each gender are affected, as long as there
is at least one each. On the other hand, the distribution of the
trait depending on gender was used as a quantitative measure,
too: “[T]he inheritance is gonosomal because almost only
women are affected” (1003|36). In this case, an (extreme)
imbalance was used as an argument for sex linkage.

DISCUSSION
In this study, we wanted to explore secondary school students’
approaches to solving pedigree problems and how they con-
structed arguments to support their decisions. For this purpose,
we analyzed two pedigree problems representing autosomal
modes of inheritance that should be known to all students.
Overall, we identified a number of interesting findings.

While the students’ answers hardly differed in number of
propositions by group, beginning genetics students generated
significantly fewer arguments. A notable proportion of this
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group actually stated no arguments at all. In fact, many of the
beginning genetics students’ statements were descriptive. Nev-
ertheless, a considerable number of students correctly identi-
fied the autosomal recessive inheritance in the first pedigree,
even in the absence of conclusive arguments (see Figure 4).
There could be several reasons why the students’ answers
turned out the way they did. First, some students may have
found it difficult to write down their approaches. Among other
things, a lack of expertise could have been responsible for this,
because argumentation quality is presumed to be related to
content knowledge (Sadler and Zeidler, 2005; Sadler and
Fowler, 2006; McNeill et al., 2006; Aufschnaiter et al., 2008).
Second, some students may in fact have reached a conclusion
on the mode of inheritance without citing any evidence or data.
This would be in line with the proposed learning progressions
on scientific argumentation, which assume that it is easier to
formulate claims than to support them with evidence or data
(Songer et al., 2009; Berland and McNeill, 2010; Lee et al.,
2014). In fact, this would also fit the observation that a substan-
tial portion of students succeeded in correctly identifying the
present mode of inheritance without having formulated any
conclusive arguments. Third, some students may have consid-
ered a pedigree feature relevant but were unable to draw any
conclusion from it. In this case, too, a lack of content knowledge
could be the issue. Smith (1988) observed that individuals who
were unsuccessful in pedigree analysis tended to quote affected
and unaffected descendants of matings shown in the pedigree
without drawing conclusions. He stated that “these individuals
appear to be looking for recognizable patterns or other cues,
but they either do not recognize significant cues or they do not
know which of their patterns are meaningful” (Smith, 1988,
pp. 416-417). Finally, some students could have assumed that
a brief description of the pedigree was part of a conclusive ped-
igree analysis. However, beginning genetics students not only
made more descriptive statements but also referred less fre-
quently to specific family constellations and considered superfi-
cial pedigree features as data more often. For example, the
numbers of affected and unaffected persons and the ratio
between them were repeatedly mentioned, as was the number
of generations. In particular, when deciding between autosomal
or X-linked inheritance, beginning genetics students mainly
relied on superficial features as evidence in their arguments.
This is in line with the results of Hackling (1994), who found
that the majority of novice undergraduates lack the necessary
content knowledge to reliably check for X-linked inheritance.
Although the advanced genetics students referred to family con-
stellations much more frequently, the only informative family
constellation to rule out X-chromosomal dominant inheritance
in pedigree 2 was almost never mentioned by beginning genet-
ics students and only sometimes by advanced genetics students.
In general, beginning genetics students focused primarily on
affected family members whether or not they were informative;
thus, a considerable proportion of students in this group did not
seem to be able to distinguish between informative and unin-
formative family constellations. Advanced genetics students, in
contrast, were particularly concerned with informative pedi-
gree members, which indicates that they identified critical cues
more often. This was true at least in the case of the autosomal
recessive pedigree; for the autosomal dominant pedigree, how-
ever, the results were much less obvious. Therefore, a clear
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trend cannot be proven empirically or based on previous stud-
ies. Hackling and Lawrence (1988) observed that “experts rec-
ognized more critical cues than the students” (p. 537). In the
study by Smith (1988), however, unsuccessful and successful
participants identified comparable numbers of critical cues,
whereas unsuccessful participants identified noticeably more
noncritical cues.

Nevertheless, identifying a critical cue does not necessarily
mean drawing the right conclusions from it. This is indepen-
dent of whether the cue was identified based on assigning gen-
otypes or by recalling a memorized production rule. In both
cases, genetic knowledge is required. When a certain condition
occurs in the pedigree, for example, when two unaffected par-
ents have an affected child, the corresponding action that a
dominant inheritance is ruled out comes to pass. In our sample,
only about every fourth argument by the beginning genetics
students was technically sound, and even among advanced
genetics students, more than one in three conclusions was
incorrect. This observation is largely consistent with Smith’s
(1988) comment that unsuccessful students often either do not
use production rules at all or use them inaccurately, incom-
pletely, or even incorrectly. Indeed, beginning genetics students
often used superficial and uninformative pedigree features as
data, which was probably the reason for the low number of
valid conclusions.

Regarding the strategic approach, we highlight two points.
First, advanced genetics students much more often used a falsi-
fying procedure (cf. Hackling and Lawrence, 1988), whereas
beginning genetics students almost exclusively generated con-
firmatory arguments. Second, but just as important, students in
both groups primarily did not test the modes of inheritance
individually, but rather decided between dominant and reces-
sive, on the one hand, and autosomal and X-linkage, on the
other hand.

Limitations

The analysis of pedigree problems is time-consuming, and all
results described here were derived from the analysis of only
one pedigree per type of autosomal inheritance. Based on the
available data and results, it is therefore not possible to make
any predictions about the general strategic approach of second-
ary students to other pedigrees, especially those that represent
X-linked inheritance. Apparently, it is uncertain whether indi-
vidual pedigree features influence students’ approaches and, if
so, how. It is difficult to imagine varying multiple pedigree fea-
tures systematically in order to investigate the effects of these
variations on students’ procedure. The influence of features
such as pedigree size or the proportion of affected can only be
investigated, if at all, in large samples in which all subjects ana-
lyze only a subset of the pedigrees.

In our study, all students participated voluntarily, and their
results were neither evaluated nor graded. Accordingly, it is rea-
sonable to assume that some individuals may not have put full
effort into analyzing both pedigrees and writing down their
approaches. Nevertheless, we are convinced that we were able
to uncover students’ typical patterns of reasoning and to iden-
tify what kind of evidence students typically use to justify their
decisions. We examined a reasonably large sample of students
in order to quantify our main results. However, this had an
impact on how precisely we were able to analyze each student’s
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data. Because we analyzed written responses, it is likely that we
missed some of the students’ thoughts. For example, we assume
that they may not have written it down if they recognized a
constellation as meaningful but were unable to draw any con-
clusions from it. To uncover such cases, one would have to use
other methods that provide more insight into the thinking pro-
cesses of the students, such as retrospective interviews, thinking
aloud, or eye tracking (Lai et al., 2013). Because retrospective
interviews and think-aloud protocols could be potentially
biased by mental processes, eye-tracking data could be even
better, because information intake is recorded directly and in an
unfiltered manner. For this, however, the sample size would
have had to be reduced significantly.

Implications for Teaching

Pedigrees are an excellent way to learn genetics, for multiple
reasons, and are a core practice in genetic classes. Pedigree
problems represent realistic scientific problems and illustrate
real human genetic phenomena observable at the macroscopic
level (Tsui and Treagust, 2010). They are well suited for scien-
tific reasoning and are appropriate to help students develop a
comprehensive understanding of meiosis and Mendelian inher-
itance in humans.

Our findings offer some implications for what students should
consider when analyzing pedigrees. First, a significant propor-
tion of the participants’ conclusions were based on simplified
rules, which may serve as a first indication but are not suitable
for making clear decisions. We suppose these students were rely-
ing too much on their instincts. Students need to learn how to
distinguish a presumption based on superficial features from a
decision based on clear evidence. To achieve this, it is advisable
to also examine pedigrees where the first impression is mislead-
ing; for example, a recessive pedigree in which most people are
affected might be a good start. Second, we suppose that it is not
necessary to start by memorizing all informative family constel-
lations. Students should rather learn to analyze family constella-
tions on demand, for instance, by assigning genotypes and using
their knowledge of meiosis to test whether there is a contradic-
tion for one mode of inheritance. Of course, this requires stu-
dents to be able to correctly assign genotypes, even for sex-linked
modes of inheritance. In a survey by Hackling (1994), however,
a large number of novice undergraduate university students
were unable to assign genotypes for X-linked dominant inheri-
tance accurately. We suppose that it would be worth considering
practicing this method before considering X-linkage. Beginning
genetics students made almost exclusively confirmatory state-
ments, whereas a complete and conclusive procedure is usually
characterized by the fact that all alternative inheritance modes
are conclusively ruled out by testing multiple hypotheses (Hack-
ling and Lawrence, 1988). To encourage this approach, the task
could be changed for practice, prompting students to explicitly
exclude impossible inheritance modes one by one. Only when
the procedure has been practiced should X-linkage be introduced
as a modifier. Apart from the strategic approach, students should
also be supported in setting up coherent arguments consisting of
claims that are justified based on data. One way to do this would
be to use scaffolding (McNeill et al., 2006).

Tsui and Treagust (2010) highlight that the use of human
genetic pedigrees representing Mendelian problems can pro-
mote a deterministic notion of genes. To address this issue,
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both clear and simple pedigrees and ambiguous pedigrees
should be used. It is possible to use ambiguous pedigrees
(eventually showing complex traits) to generate research
questions or hypotheses for further teaching; this would put
a special focus on scientific inquiry. It should be possible, for
example, to introduce the phenomenon of incomplete pene-
trance by using a pedigree that does not seem to fit with any
known mode of inheritance. Stewart et al. (2005) described
the use of human pedigrees in relation to blood types and
achondroplasia to demonstrate that the model of simple
dominance is not always adequate. These observations are
the starting point for studying these “anomalous” inheritance
patterns (Stewart et al., 2005). Naturally, X-linkage could be
considered a modification of simple dominance in the same
way (Collins and Stewart, 1989). In particular, pedigrees
with an unexpected gender distribution among those affected
would be a good starting point here. Overall, by emphasizing
reasoning and scientific inquiry, pedigree analysis can make a
big contribution to the development of genetic literacy at
large.

Teaching and practicing pedigree analysis should not be
limited to teaching the use of content-specific concepts.
Rather, the falsification strategy should also be taught and
practiced. One possible way to do so would be to encourage
students to use a falsification strategy with the instructions
given. For example: “Try to exclude as many modes of inheri-
tance as possible. Justify your decisions.” The use of a falsifi-
cation approach could be triggered even more vigorously by
further structuring and dividing the pedigree analysis into
individual tasks per inheritance. For example: “Complete the
following sentence. The trait is not inherited in an autosomal
recessive manner because ...” Moreover, it should be empha-
sized that a rigorous use of the falsification strategy can help
check the results for plausibility and ensure that the analysis
is complete. A complete analysis should provide an evalua-
tion for all four modes of inheritance. In pedigree problems
used in schools, at least two modes of inheritance can often
be ruled out without doubt. Even in the case of an X-linked
mode of inheritance, where no definite decision is possible,
there are usually recognizable clues in favor of one mode of
inheritance.

Because our research, like previous studies on pedigree
analysis, did not specifically focus on teaching pedigree analy-
sis, there are still a number of unanswered questions. In pedi-
gree analysis, it is of primary importance to identify critical
cues and to draw the right conclusions from them. In our opin-
ion, however, it is still unclear which is the most effective way
to teach students to identify these critical cues. On the one
hand, there could be an ideal strategy to teach this ability; on
the other hand, it could simply develop through practice. In
any case, practice certainly plays an important role in pedigree
analysis; therefore, students should definitely be offered a
variety of pedigrees to practice with (see Timm et al., 2020).
Manifold practice opportunities are particularly useful if stu-
dents can write down arguments for their solutions and
receive individual feedback each time. This would be very
time-consuming for teachers but could possibly be automated
via a machine-learning approach (see Zhai et al., 2021) in
which students’ arguments are automatically categorized to
select appropriate feedback.
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